Self-assembly of core-shell nanoparticles (NPs) at liquid-liquid interfaces is rapidly emerging as a strategy for the production of novel nano-materials bearing vast potential for applications, including membrane fabrication, drug delivery and emulsion stabilization. The development of such nanoparticle-based materials is facilitated by structural characterization techniques that are able to monitor in situ the selfassembly process during its evolution. Here, we present an in situ high-energy X-ray reflectivity study of the evolution of the vertical position (contact angle) and inter-particle spacing of core-shell iron oxidepoly(ethylene glycol) (PEG) nanoparticles adsorbing at flat, horizontal buried water-n-decane interfaces.
Introduction
Self-assembly of nanoparticles (NPs) has recently seen an upsurge as a strategy to obtain novel materials due to the extraordinary physical and chemical properties of the nanoscale building blocks and the potential for parallel fabrication of complex hierarchical structures. [1] [2] [3] [4] Despite the great promise, the design of functional materials that can be precisely structured via ne-tuning of the building block properties still remains an open challenge.
A promising approach for achieving the desired structural and functional control involves the assembly of core-shell NPs at liquid-liquid interfaces. 5 In these interfacial systems, the inorganic cores can act as sensors or actuator elements, while solvated polymer shells can provide NP stabilization, guide the assembly, and enable responsive functions. 6, 7 Independent tuning of the core and shell properties enables control over inter-particle separation, microstructure, and mechanical properties of the nal assemblies. These aspects are particularly relevant for NP self-assembly at liquid interfaces (SALI). 8, 9 Adsorption of composite, surface-active nanoparticles at liquid interfaces can in fact be used to produce controlled quasi-twodimensional (2D) assemblies such as macroscopic planar membranes, 10 or microscopic responsive capsules and vesicles, [11] [12] [13] [14] [15] which are particularly suitable for delivering hydrophobic compounds. We expect that the conformation taken by the polymer shell will inuence the NP location with respect to the liquid-liquid interface and the lateral separation between neighboring adsorbed NPs. In addition, specic conformations of the polymer capping may enhance the exposure of selected end-groups to either liquid phase, and enable selective cross-linking and/or additional functionalization. Recent work has started to address in detail various aspects of core-shell NP-SALI, such as the kinetics and energetics of assembly, NP concentration and polydispersity effects, shell structure and hydration. 6, 7 However, crucial information on the position of NPs upon adsorption and on their shell conformation at liquid-liquid interfaces is still scarce.
The position of adsorbed NPs relative to an oil-water interface is univocally related to their contact angle, which in the ideal case depends only on the interfacial tensions between the three materials comprising the system. The contact angle affects the interfacial NP adsorption energy 16 and determines the local environment, 17 i.e. the cross-section occupied by the NP at the interface and the fraction of the NP surface exposed to either liquid. This can strongly inuence the interactions experienced by the adsorbed NPs. 18 For these reasons a host of different methods has been developed to measure contact angles of NPs at interfaces, [19] [20] [21] [22] [23] [24] with recent developments reaching single-particle contact angle detection capability in the 10 nm NP size range. 25 Many of these methods are indirect and rely on assumptions which break down for core-shell objects (e.g. particle incompressibility); moreover, oen they have low sensitivity or limited applicability for in situ time-resolved investigations. For deformable objects such as so core-shell NPs the very denition of contact angle becomes imprecise because the presence of a diffuse shell of thickness comparable to or larger than the particle size makes it impossible to dene a true three-phase contact line. Therefore, only "effective" contact angles can be dened by measuring the distance between the liquid-liquid interface and the centre of the solid core of the adsorbed core-shell NP. Recent work has indeed shown that the presence of a deformable shell plays a signicant role in determining the energetics of composite particle adsorption. 6, 26 X-ray reectivity has been used successfully to determine the structure of core-shell NPs adsorbed at the water-air interface. 27 Extension of these studies to NPs bound to buried liquid-liquid interfaces 9,28 is particularly attractive both for addressing fundamental scientic questions and for improving a wide range of applications such as emulsion stabilization, capsule formation, drug delivery and ultra-ltration. Recent developments involving the use of monochromatic and focused synchrotron hard X-ray beams 29 demonstrated the high resolution structural characterization capability offered by high-energy X-ray reectivity (HE-XR) for systems ranging from atomically layered liquid metals, 30 to interfacially frozen molecular lms 31, 32 and polarized electrolyte solution interfaces. 33 Application of HE-XR to silica NP monolayers obtained in the presence of surfactants at waterhexane interfaces 34 has also demonstrated accurate in situ NP contact angle determination. This is achieved by tting the reectivity proles using a model that includes all the relevant physical properties of the NP system under investigation. 34 In this article, we apply the above mentioned approach to study in situ the time evolution of the vertical position (contact angle) and the inter-particle spacing of composite NPs adsorbing at at, horizontal water-n-decane interfaces. The NPs comprise an iron oxide core graed with various architectures of dense poly-(ethylene glycol) shells. 35 2 Experimental section
Materials
For all experiments we used n-decane (99%, Sigma-Aldrich) puried from polar impurities by 5 cycles in a basic alumina column (Aluminum oxide activated basic, Brockmann I, Acros Organics) and in MilliQ water (R ¼ 18.2 MU cm, TAC # 6 ppb).
The core-shell NPs were synthesized and functionalized in house. Full details can be found in ref. 35 .
Methods

SAXS measurements.
The NP core size was determined by small-angle X-ray scattering (SAXS). The SAXS experiments were performed using a Rigaku MicroMax-002+ microfocused beam (4 kW, 45 kV, 0.88 mA). The CuK a radiation (wavelength l CuK a ¼ 1.5418Å) was collimated by three pinhole collimators (0.4, 0.3, and 0.8 mm). The scattered X-ray intensity was detected by a two-dimensional Triton-200 gas-lled X-ray detector (20 cm diameter, 200 mm spatial resolution) covering a momentum transfer range of 0.05 nm À1 < q < 2 nm À1 , where q ¼ 4psin q/l CuK a , and 2q is the scattering angle. Additional details can be found in the ESI. † 2.2.2 Dynamic Light Scattering (DLS) and zeta potential. DLS and zeta potential measurements were performed to obtain the hydrodynamic diameter and zeta potential of the NPs dispersed in bulk water solutions. DLS measurements were performed using a Zetasizer NS instrument (Malvern, UK) in backscattering mode (scattering angle 173 ) at a temperature of 25 C. Several NP dispersions of concentrations in the 20-100 mg mL À1 range were investigated using plastic UV-Vis cuvettes (Plastibrand, Brand GmbH, Germany). For each sample, the DLS measurement was repeated three times. Within the range 20-100 mg mL À1 , the DLS results were found to be independent of concentration. Zeta potential measurements were performed at 25 C in 0.1 M HEPES buffer at physiological pH ¼ 7.4 and at the same concentrations used for the DLS measurements. The reported zeta potential values are the average of 10 independent measurements.
2.2.3 Thermogravimetric analysis (TGA). TGA was used to quantify the amount of polymers graed to the NP's surface. The NP core size information obtained from SAXS data allowed for calculation of the graing density of each different polymer used to coat the NPs. TGA experiments were performed using a Q500 V5.3 Build 171 TGA apparatus (TA Instruments, USA). Typical samples comprised 1.5 to 3 mg of dry NP powder. The samples were heated from 30 C to 600 C under air ow at an average heating rate of 10 C min À1 . We employed the highresolution operation mode, in which the heating rate is automatically reduced over the temperature ranges exhibiting the largest mass variations, thus yielding more accurate results. The mass loss measured between 150 C and 450 C was used to deduce the polymer shell mass m TGA [weight%] relative to the total particle mass.
2.2.4 X-ray reectivity. The HE-XR measurements were performed using the High-Energy Micro Diffractometer at the ID15A beamline of the European Synchrotron Radiation Facility, using a 69.8 keV X-ray beam delivering $5 Â 10 11 photons per second in a focal spot of 5 Â 20 mm 2 (V Â H). The reected beam intensity is measured using a scintillator detector system (Cyberstar). More details can be found in ref. 29. 2.2.4.1 Sample cell for X-ray studies. The HE-XR measurements were carried out in a custom-built monolithic polyoxymethylene (POM) cell ( Fig. 2a , more details in the ESI †) comprising an internal 2 Â 8 cm 2 trough hosting the aqueous NP solution (light blue in Fig. 2a ) which is completely covered by an external bulk n-decane phase (light yellow in Fig. 2a ). The 1 Â 10 À5 mol aqueous NP suspension was slowly injected through the cell bottom using a remotely controlled highprecision syringe pump until a at air-water interface was created. The atness of the interface was monitored by scanning the cell vertically through the horizontally aligned microfocused X-ray beam and by detecting the reected X-ray beam at incidence angles comparable to the critical angle for total external reection (a few hundredths of a degree at the working X-ray energy of $70 keV). n-Decane was then carefully poured along the internal wall of the cell in order to slowly cover the water surface and create a buried planar water-n-decane interface. The n-decane layer covering the water surface was a few mms thick in order to ensure that at all the reection angles explored (typically between 0 and 0.5 degrees) both the incident and the reected X-ray beams traversed only the oil bulk phase and did not reach the free oil-air interface before exiting the sample cell ( Fig. 2a ). The incident beam entered the liquid cell through a 1 mm thick POM window, was partially reected by the liquid-liquid interface, exited the cell through a second 1 mm thick window, and reached a point detector aligned behind two sets of collimating slits (not shown in Fig. 2a ). The incidence (a) and reection (b ¼ a) angles are scanned simultaneously to produce a reectivity prole as a function of the momentum transfer q ¼ 4psin(a)/l, where l y 0.177Å is the typical X-ray wavelength used in the HE-XR experiments. The Xray beam footprint on the reecting liquid-liquid interface is approximately 3 cm long near the critical angle for total external reection ($0.009 degrees) and remains still several mm long at the largest angles explored ($0.4 degrees). 29 2.2.4.2 Physical model for XR data tting. The measured reectivity curve is related, via a Fourier transform, to the sample's interface-normal electron density prole r(z) averaged within the plane of the reecting interface. To model the interfacial NP monolayer's r(z) prole we used a recently introduced approach, 34 which takes into account the spherical shape of the NPs and the main physical parameters describing the interface:
r i (z) describes the bare interface between water (bulk electron density r w ¼ 0.334 eÅ À3 ) and n-decane (r d ¼ 0.253 eÅ À3 ) with an interface roughness s i :
The term r NP (z) represents the contribution of the NP monolayer to the interfacial electron density. The NP lm is modelled as a monolayer of hexagonally ordered spheres of radius r, immersion depth h, lateral separation s av and bulk electron density r p (Fig. 2b) :
for Àh < z < Àh + 2r, and r NP (z) ¼ 0 otherwise. Normalized Gaussian distributions G(x av , s x ;x) (eqn (1)) are introduced for the parameters r and h, with average values r av and h av and widths s r and s h . The subtracted term in the square brackets of eqn (1) accounts for the displacement of the liquids by the NPs. The r(z) model was tted to the Fresnel-normalized experimental reectivity proles R/R f (Fig. 3 ) using Parratt's recursive algorithm. 36 The majority of the model's parameters were either xed to their known values (electron densities of NP cores and liquids), or highly constrained by theoretical calculations (liquid interface roughness) or experimental measurements (NP core size and polydispersity). The only two parameters that were le completely free in the minimization are (i) the average water immersion h av , which determines the NP contact angle and the z-coordinate of the maximum in the electron density proles (insets in Fig. 3 ), and (ii) the average separation between neighbouring particles s av , which controls the average density of the interfacial NP monolayer and the height of the interfacial r(z) peak (insets in Fig. 3 ).
Pendant drop tensiometry (PDT)
. PDT experiments were performed to investigate the kinetics of NP adsorption at a water-n-decane interface. The measurements were carried out using a drop shape analysis system (DSA100, Krüss, Germany). 30 mL droplets of 0.01 mmol NP suspensions in MilliQ water were produced at the tip of a stainless steel needle (diameter 1.85 mm) immersed in a bulk n-decane phase. The droplets were formed at room temperature at a ow rate of 200 mL min À1 and were subsequently imaged with a CCD camera as a function of time. The droplet prole in each image was detected automatically using the analysis soware package DSA3 (Krüss). The prole was tted with the Laplace-Young equation to obtain the interfacial tension (g) as a function of time. The accuracy in determining g from each image is 0.1 mN m À1 .
Results and discussion
In this article we study a series of NPs with iron oxide cores stabilized by shells of irreversibly graed PEG of different molecular weights and architectures. The spherical iron oxide cores (d ¼ 8.4 AE 1.4 nm from SAXS, see ESI †) are prepared by high temperature decomposition of Fe(acac) 3 in oleylamine according to ref. 35 . The as-synthesized cores are subsequently stabilized by ligand replacement of oleylamine for PEG-nitrodopamine, whose strong binding results in a dense, irreversibly adsorbed PEG shell. 37, 38 We prepared three different core-shell particle batches stabilized by linear PEG of 5 kDa (L5) and 2.5 kDa (L2.5) molecular weight (M w ), and dendritic PEG with a molecular weight of 2.5 kDa 39 (D2.5) (see Table 1 and Fig. 1 ). The effective thickness of the PEG shell was estimated by measuring the hydrodynamic diameter of the particles in MilliQ water by DLS and subtracting the core size measured by SAXS (see Table  1 ). All NPs have similar graing density (determined by TGA) in the range 0.56 to 0.73 chains per nm 2 . The 5 kDa linear PEG yields thicker shells (t s $ 10.8 nm) than the 2.5 kDa linear PEG (t s $ 7.3 nm). For similar molecular weight and graing density, the linear PEG particles L2.5 have thicker stabilizing shells than the dendritic PEG particles D2.5 (t s $ 4.3 nm).
NPs adsorb at the interface as a function of time and therefore induce a time evolution of the system's electron density prole normal to the water-decane interface. Since the electron density of iron oxide (r p ¼ 1.473 eÅ À3 ) is higher than those of both water and n-decane, the electron density prole measured by HE-XR exhibits a maximum in correspondence to the average position of the NP core center relative to the watern-decane interface. Due to the very low electron density contrast between solvated PEG and the liquids, the density prole of the stabilizing shell cannot be determined accurately with our method. Including polymer shells and/or at polymer lms adsorbed at the interface into complementary modelling can in fact be only used to quantify the uncertainties in the parameters of the tting procedure and not to resolve directly the polymer structure. 34 The average effective contact angles q av are calculated from the tted core immersion depth h av and the known average core size r av (Fig. 2b) , as q av ¼ arccos((h av /r av ) À 1). Errors determining the contact angles include particle size polydispersity and a distribution of water immersion values (see eqn (1)). An additional source of errors could be a shi in the localization of the interface due to the presence of the interfacial PEG layer, as mentioned above. In any case, due to the fact that the electron density of hydrated PEG is found to differ from the one of bulk water by only 3% (see ESI †), we expect to be fairly insensitive to such variation and thus to be able to locate the interface with high accuracy. The reported errors represent a conservative estimate of the combinations of these effects.
The amplitude of the oscillations observed in the measured reectivity proles (Fig. 3) is related to the average electron density of the interfacial NP layer. Assuming a uniform hexagonal packing for the interfacially adsorbed NPs, the average lateral separation s av (Fig. 2b) between the surface of neighboring NPs is obtained via model tting (eqn (1)) of the experimental HE-XR proles. Fig. 3 shows representative measured reectivity curves normalized by the theoretical Fresnel reectivity R f for the investigated NPs. In the absence of NPs at the interface, the reectivity signal decays monotonically as a function of q (bottom curve in all gures). The corresponding electron density prole is modeled by an error function connecting the bulk water and n-decane electron densities, with a Gaussian width s i ¼ 4.0Å representing the interface roughness induced by thermally excited capillary waves (see eqn (2)). This tted value is only slightly larger than the theoretical capillary-waveroughness s CW $ 3.0Å, as calculated 40 for a typical interface tension g ¼ 35 mN m À1 and taking into account the instrumental resolution of our setup (dq z ¼ 0.03Å À1 ). Using Fig. 3a as an example, we observe that oscillations in the reectivity signal develop upon L5 NP adsorption as a function of time and that the period of the R/R f oscillations agrees well with the average NP size determined by SAXS, thus conrming that the interfacial lm consists of a NP mono-layer. With increasing adsorption times, the oscillations in the reectivity proles become more pronounced. This is a signature of the increasing packing of the NPs within the plane of the interface. The tted electron density proles r(z) presented in the insets of Fig. 3 exhibit a maximum which increases with adsorption time suggesting a progressive accumulation of NPs. The r(z) maxima are always The average NP immersion depth h av is obtained from the fitted electron density profile r(z) (red line) and an effective average contact angle q av can be calculated. Assuming uniform hexagonal packing and core radius r av , the average core-to-core inter-particle separation s av can be calculated from the amplitude of the r(z) peak.
on the water side of the interface (negative z), as expected for hydrophilic NPs. It should be recalled in this context that XR modeling does not guarantee the uniqueness of the solution.
We performed a thorough search for alternative solutions based on conventional box-models and model independent approaches. 34 We could indeed nd a second set of solutions in which the particles appeared as highly hydrophobic, but the t quality was lower, as attested by the reduced chi-squared value of the ts. In addition, given PEG's high water solubility and poor n-decane solubility, 6 the highly hydrophobic solution was discarded as non-physically justiable and we retained the best t sets reported in Fig. 3 . A second trend observed in these ts regards the location of the maximum in r(z), which tends to shi towards less negative z values, suggesting a small but progressive increase of the effective contact angle with adsorption time. Qualitatively similar trends are observed also in the reectivity data from L2.5 (Fig. 3b ) and D2.5 (Fig. 3c ) NPs. The shis would be more pronounced in denser monolayers, e.g. obtained from NPs coated with shorter stabilizing layers. Additional experiments are needed to characterize fully the details of contact angle variations, however below we summarize and interpret the results extracted from the data and ts of Fig. 3 in relation to Fig. 4 , which reports the temporal evolution of the tted inter-particle separation (Fig. 4b ) and effective contact angle (Fig. 4c ).
Complementary pendant drop tensiometry on the same suspensions used for XR ( Fig. 4a) shows that the apparent interfacial tension g of an aqueous NP suspension in n-decane decreases with time, indicating NP adsorption at the interface. In particular we nd that the linear-PEG particles L5 and L2.5 adsorb very rapidly upon droplet formation and that the apparent interfacial tension stabilizes at a constant value. The long-time g value depends on the linear PEG molecular weight as previously reported. 6 In our previous work we also demonstrated that both the temporal evolution and the plateau values of g for free PEG in solution differ from the ones obtained using NPs stabilized by PEG of the same molecular weight due to conformational constraints and to the fact that the high graing density allows for more polymers to be transported to the interface by the NPs. 6 Fig. 3 Measured HE-XR profiles normalized by the theoretical Fresnel reflectivity for L5 (a), L2.5 (b) and D2.5 (c). The experimental data points (symbols), fits (solid lines), and the corresponding electron density profiles r(z) (insets) are shown for different adsorption times as indicated in the graphs (curves are shifted for clarity). The times of the data points correspond to the abscissa values of Fig. 4b-c . All graphs include the bare water-n-decane interface reflectivity profile at the bottom (,). Micron level misalignments between the X-ray beam and the interface in some of the measurements affect the quality of the data points near the critical angle, therefore they are excluded from the graph and from the model fitting procedure. The time evolution of g is different for the particles stabilized with the dendritic PEG, where the adsorption proceeds much more slowly and the interfacial tension does not reach a constant value within an experimental observation time of $6 hours. We hypothesize that this may be due to a combination of two main factors. First, the D2.5 particles present a signicant surface charge (Table 1) . 35 Upon interfacial adsorption, a like-charge layer is formed and additional NP adsorption implies overcoming an electrostatically repulsive barrier. Second, the presence of a more rigid dendritic PEG shell makes it possible to approximate the particle as a hard object and thus easily calculate a binding energy aer measuring the singleparticle average contact angle as DE ¼ Àg 0 pr 2 (1 À cos q av ) 2 , 16 where r is the core radius plus shell thickness and g 0 is the interfacial tension of pure water-n-decane. From the rst measured values of q av reported in Fig. 4c the average adsorption energy at short times is calculated to be $20 k B T. Due to particle polydispersity and to the quadratic dependence of the binding energy on the particle size, it is possible that smaller NPs can reversibly adsorb and desorb. This can lead to a slowing down of the build-up of the interfacial coverage and to sizeselection of larger particles as highlighted by simulations and experiments. 6, 41 The higher values of q av at longer times shi the adsorption energy towards irreversible interfacial trapping. The case is different for the NPs stabilized by linear PEG where including the interaction of the so polymer shell with the two liquids into the interfacial trapping energy calculation leads to values in the thousands of k B T range for similarly sized NPs and polymers, 6 implying irreversible adsorption during the entire adsorption process.
From Fig. 4b we notice that the time evolution of the interparticle separation s av measured by XR follows qualitatively the increase of interfacial NP coverage that is revealed by the PDTdetermined reduction of g. Fig. 4b suggests the same g-related qualitative difference in the behavior between NPs stabilized by linear and dendritic PEG. Linear PEG NPs tend towards a saturation of the inter-particle spacing for adsorption times of 5000 to 10 000 s, while the dendritic NPs are characterized by a continuous densication, at least within the time window accessed by the experiment. The step-like changes in the values of s av at the longest adsorption times ($20 000 s) for the linear PEG NPs may be due to structural rearrangements and further densications at the interface which are not detected by macroscopic tensiometry. Such late-stage step-like increases of the interfacial NP density are consistent with numerical simulations of densely populated core-shell NP-laden interfaces, where both size polydispersity and cooperative phenomena appear to be at the origin of abrupt further NP monolayer densication via collective NP structural rearrangements. 42 We remark here that the error bars reported in Fig. 4b represent the errors of the XR tting routine and may underestimate the real variations of the inter-particle separations, stemming above all from size polydispersity and non-uniform coverage over the large area illuminated by the X-ray beam.
In addition to the details of the temporal evolution of s av , its long-time value is in itself very useful for extracting general information regarding the structure of the NP lm adsorbed at the interface. In the case of dendritic-PEG particles the rather limited number of available data points and the continuous evolution (Fig. 4b) do not guarantee that the nal stable structure has been probed. However it is evident that the lateral separation between D2.5 particles ($45 nm) is much larger than twice the dendritic shell thickness measured in the bulk water phase ($8.6 nm, Table 1 ). For D2.5 NPs, a non-negligible surface charge is present, as suggested by their zeta potential of approximately À10 mV (Table 1) . Such a surface charge may be responsible for long-range repulsions through the water phase thus yielding large NP separation, which for charged particles at interfaces is expected to decrease with increasing particle concentration. 43 Dipolar interactions at the interface may also play a role, but should be weak due to the strongly hydrophilic character of the NPs. 44, 45 A complete understanding of the dendritic-PEG NP system requires additional investigations spanning longer experimental time windows.
The more abundant data collected on the linear-PEG systems allow us to discuss more deeply the details of their interfacial structure. In particular, it is evident from Fig. 4b that the interparticle separation for L2.5 and L5 particles is also considerably larger than twice the thickness of the PEG shell in bulk water both from experiments ( Table 1 ) and theoretical calculations. 6 For linear-PEG NPs, charge effects should be negligible due to thick polymer shells, their low zeta potentials and strong partitioning to the water side (see Table 1 , especially for L5). It is therefore likely that the polymer conformation at the interface is responsible for and dominates the microstructure of the adsorbed NP monolayer. From Fig. 4b it is also evident that at long times the particles stabilized by the shorter PEG chains pack more closely at the interface. This implies that, at least for L5, the shells are in direct steric contact since any residual charge repulsion would yield a larger s av for L2.5 than for L5, stemming from the higher surface charge of the former (see Table 1 ). The choice of PEG molecular weight thus allows controlling the nanoparticle density within the adsorbed NP lm, as well as the time scale of the self-assembly process. Irreversible adsorption implies thatin the presence of excess NPs in the bulk water phase as in our caseadsorption ceases only when the interface is fully covered by particles. Furthermore, the lateral mobility of non-interacting NPs at the interface ensures that a packing fraction higher than that yielded by random sequential adsorption can be reached. 46 The measured values of s av at long times indicate that at saturation the NP cores occupy only a small fraction of the interface (2.2% and 4.0% for L5 and L2.5, respectively). This means that the space between NP cores has to be occupied by the polymer shells, which in turn requires a major deformation and stretching of the polymer chains at the interface. Recent direct observations of the conformation of surface-active, deformable microgel particles have indeed demonstrated that such objects atten signicantly at liquid-liquid interfaces, taking sizes up to twice their hydrated size in bulk. 47 As in the latter case, the conformation of the polymer shell at the interface for our NPs is given by a balance between PEG's solubility in the two liquids, its surface activity at water-n-decane interfaces and the entropic elasticity of the polymer shell at the interface. PEG chains can directly adsorb at the interface, where they tend to occupy as much interfacial area as possible by assuming stretched conformations that are more elongated than those encountered in bulk water. The free energy gain of interfacial adsorption is balanced by the loss of entropy in the brush until the equilibrium conguration is achieved. This situation can to a rst approximation be modeled by calculating the thickness t i of a "quasi-2D" brush of PEG chains graed onto a spherical band of radius c. The latter corresponds to the radius of the NP core cross-section at the position of the interface, and is calculated using the measured q av values (Fig. 5 ). The width d of the spherical band on the NP core corresponds to an effective thickness of the interface. Previous studies showed partial liquid mixing and thermal uctuations at interfaces play a signicant role in NP adsorption, 48 leading to an effective interface thickness which can easily be of the order of 2-3 nm, i.e. considerably larger than the theoretical capillary wave thickness. For our core-shell particle system, this means that PEG chains within at least such thickness can directly participate in interfacial adsorption and therefore determine the nal structure of the adsorbed NP monolayer. Moreover, numerical simulation studies have shown that sufficiently exible stabilizing shells can be deformed to enhance interface coverage, 26, 49 implying that also chains not residing exactly at the interface can contribute to the formation of a two-dimensional interfacial polymer lm, with the effect of increasing the "quasi-2D" graing density. Adapting our previous calculations of an Alexander brush tethered onto a spherical surface to a 3 nm slice on the NP surface, 6 we can calculate the thickness of an athermal 2D PEG brush with an effective linear graing density n i obtained by projecting the number of chains participating in the interfacial adsorption onto the contour of the particle crosssection. The calculation results are summarized in Table 2 and compared to the saturation values of s av .
This simple calculation hints already towards agreement with the experimental values and supports our interpretation of the interface microstructure as represented in Fig. 5 . More detailed quantitative comparisons with rened models would require a detailed knowledge of the actual polymer density prole of the deformed shell under the asymmetric solvation conditions at the water-n-decane interface. Additionally, the measured values of s av rely on the assumption of uniform hexagonal packing at the interface; non-uniform coverage and a non-crystalline interface imply that the values extracted from the t overestimate the real inter-particle separation. Again, a more quantitative comparison would require the detailed knowledge of the local interface microstructure. However, the applied model already highlights the occurrence of severe shell deformation at the interface in agreement with the experiments.
In addition to the evolution of the inter-particle separation, the XR data suggest an intriguing evolution of the NP contact angle, which varies with PEG MW and architecture (Fig. 4c ). The contact angles of the linear-PEG particles exhibit a relatively slow increase and saturate at time scales comparable to the stabilization time for s av (Fig. 4b) . Conversely, the dendritic PEG particles are characterized by a continuous increase of the contact angle. The slow contact angle evolution for the dendritic PEG NPs might be due to a progressive removal of water strongly trapped in the hydrated PEG shells which surround the particles even on the n-decane side. Recent experiments on larger polymer-stabilized colloids have indeed demonstrated that hydrophilic stabilizing shells maintain a certain degree of hydration even if partially compressed on the oil side of the interface. 50 The long-time evolution of contact angles may also be ascribed to heterogeneity and defects on the NP surfaces leading to pinning and de-pinning of contact lines, which has been observed for microparticles. 51 This mechanism might also be relevant for the macromolecular roughness of a graed polymer shell particle. For the linear PEG NPs, the qualitative correspondence between the time evolution of contact angles and inter-particle separation suggests that the former could stem from collective effects and interactions between particles, even though a higher time resolution is needed to discuss the details of the time evolution as a function of PEG molecular weight. Given the highly hydrophilic character of PEG and its strong interfacial activity, the NP equilibrium position at the interface, and thus the contact angle, are determined by a balance between maximizing the volume of PEG exposed to the water, the amount of PEG adsorbed at the interface and the cross-section of the solid core sitting at the interface, and at the same time minimizing the amount of PEG exposed to n-decane. Our results suggest that for longer PEG chains the above balance is achieved at a smaller value of h av thus yielding a higher effective contact angle. As mentioned before, the D2.5 particles are expected to behave similarly to charged hard spheres where the main contribution to determining the position at the interface comes from surface wettability and particle Calculation of the thickness t i of a 2D polymer brush around the NPs at the interface with effective grafting density n i obtained by projecting the number of PEG chains in an interfacial layer of thickness d on the NP core contour at the interface (radius c). s av is the experimental core-to-core separation 6 size (removal of free interfacial area), with the presence of aromatic rings in the dendrons which may lead to more hydrophobic particles.
Conclusions
In this article we have reported the time evolution of the vertical position (contact angle) of core-shell NPs relative to a at horizontal water-decane interface, as well as their lateral separation within the interface. These results were enabled by HE-XR and accurate tting of the reectivity curves according to a recently demonstrated procedure which accounts for the physical properties of the particles. 34 Our results show that the architecture of the stabilizing shell controls the adsorption behavior of NPs at liquid interfaces. In particular, we found that NPs stabilized by rigid dendritic PEG shells exhibit a behaviour similar to hard charged objects, with the NP contact angle evolving with time at the interface. This may be ascribed to a slow loss of hydration upon exposure to organic solvent or contact line pinning and evolution. On the other hand, NPs stabilized by linear PEG showed an evolution to an equilibrium contact angle which is likely the consequence of interactions with other particles adsorbing at the interface. For the latter, we reported that the separation between NP cores at long times (at or close to interface saturation) was much larger than the size of the hydrated polymer shell in bulk. This cannot be explained by electrostatic repulsion stemming from a residual charge at the core surface due to the screening of the thick polymer shells and the highly hydrophilic NP nature. This implies that saturation is achieved with a low NP core content at the interface and that most of the space is lled by the polymer shells. This in turn requires strong deformation and attening of the polymer shells at the interface. The resulting observed inter-particle distance is supported by a simple model for a two-dimensional polymer brush conned within the interface. Our results have strong implications for the design and realization of NP membrane materials obtained by assembly of NPs at emulsion and other oil-water interfaces. Changes in the conformation of the polymer shells affect the interfacial NP core density and the shell density distribution at the interface. These in turn can be exploited, for instance, to expose specic active groups to obtain permanent crosslinking at the interface, or for developing specic interfacial molecular capture strategies. Our ndings also motivate additional fundamental investigations of the behavior of so objects at interfaces.
